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Abstract
We present a study of the jet transverse structure employing the second moment of
the jet profile in transverse momentum using particle tracks for 10 pb−1 integrated lu-
minosity of proton-proton collisions at
√
s = 10 TeV. Detector based systematic uncer-
tainties caused by jet energy resolution, jet energy scale uncertainty and track trans-
verse momentum resolution are considered. A comparison with predictions from dif-
ferent Monte Carlo generators (HERWIG++ and PYTHIA) is presented. It is shown
that the transverse structure of the charged component of jets can distinguish between
different Monte Carlo generators and their tunes.

11 Introduction
The internal structure of jets has been shown to be sensitive to the type of jet inducing parton,
gluon or quark, and to the transverse momentum of the jet [1, 2]. In hadron-hadron collisions
the jet shape is sensitive to contributions from the initial-state radiation of the colliding partons
and from the multiple parton interactions. Jet shapes provide a good test of different models
of parton cascades and hadronization. The comparison of the jet transverse structure between
CMS data and Monte Carlo events is expected to be a powerful tool for tuning Monte Carlo
generators used for hadron jet simulations. Therefore the study is important for early CMS
analyses.
Jet shapes have already been studied at LEP1, HERA, CDF and D0 [3–6] and in [7] where the
study was done for CMS at
√
s = 14 TeV and jet shape variables previously explored at the
Tevatron were used. This note is devoted to the analysis of the jet transverse structure for
the CMS experiment at
√
s = 10 TeV using a new observable, namely the second moment of




. The variables used in previous studies were
based on the fraction of jet transverse momentum collected in an inner subcone inside the jet





remove this dependency. A study of detector based biases and systematic uncertainties can be





a linear combination of the second moments of the jet profile in φ and η directions.




, it is possible to differentiate between the predictions
of PYTHIA 6.4 [8] and HERWIG++ 2.2 [9] and their tunes using data corresponding to an inte-
grated luminosity of 10 pb−1. Once a good description of the detector data by MC simulation
is available the fraction of quark- and gluon-induced jets as a function of jet pT and η can be
estimated.
2 Monte Carlo samples and reconstruction algorithms
The analysis is performed with fully simulated events from proton-proton collisions in the
CMS detector at
√
s = 10 TeV. Events are selected requiring any of the standard CMS single jet
triggers, as provided by the trigger simulation. QCD dijet events generated with PYTHIA 6.4
tune D6T [8] and HERWIG++ 2.2 [9] were analyzed on both the particle and detector levels.
HERWIG++ samples were used to study detector based effects.
Two different methods for correcting the reconstructed calorimeter jet energy were studied: the
standard CMS jet energy corrections (JEC) [10], which correct the reconstructed jet energy back
to the particle level on average, and the JetPlusTrack corrections (JPT) [11], which correct each
individual jet based on the charged particle tracks spatially associated with the jet.
We use the Iterative Cone Algorithm (R = 0.5) [12] for the reconstruction of jets as this is
currently the only jet finder to which the JPT algorithm can be applied.
Throughout this note pgenT refers to the particle level jet transverse momentum, p
Calo
T refers to
the reconstructed jet transverse momentum corrected with the default CMS jet energy correc-
tions (JEC), and pJPTT refers to the reconstructed jet transverse momentum corrected with the
JPT algorithm.
2 3 Jet transverse structure variables
3 Jet transverse structure variables












where ∆R2(i, j) = (φi − φj)2 + (ηi − ηj)2. In this formula, the summation is performed over
either stable particles1, calorimeter towers (for reconstructed calorimeter jets) or reconstructed
tracks in the η − φ cone around the jet axis (for the charged track analysis).








, which correspond to the second moment of the jet























These variables are sensitive to jet shape distortions due to effects such as the magnetic field.


















calculated with respect to different axes for calorimeter and generated jets. In order to avoid
the impact of the jet angular resolution, we use the 2nd central moments of φ and η instead of




















































































Jets are classified to originate either from a quark or gluon if they can be matched to a matrix-
element parton of the respective flavor within ∆R(jet, parton) < 0.6. While all jets become
narrower as their transverse momentum increases, gluon initiated jets are on average broader





and gluon initiated jets separately does not depend on η for fixed jet transverse momentum,
however the fraction of quark initiated QCD jets increases with |η|, leading to a dependence of〈
δR2jet
〉
on |η| for the same jet transverse momentum.
4 Jet transverse structure measured with charged particles
To avoid the magnetic field shift and the non-linearity of the calorimeter energy response we
analyze the shape of the jet charged component reconstructed from charged particle tracks
while the jet energy is taken from the JPT jets. The calorimeter jet axis in JPT algorithm is kept
unchanged. The charged tracks in η− φ cone with radius of 0.5 around the jet axis are used for
both, the jet transverse structure measurement and the JPT energy determination.
The variables tomeasure the jet transverse structure with charged particles is defined by eq. (1)-
(8) where stable charged particles are used in the case of particle jets and reconstructed tracks
are used for the calculation of the detector variables. The transverse momentum of both,
charged particles and tracks, is required to fulfill pT > 1GeV. The transverse jet structure
measured with charged particles will differ from that measured with all stable particles. Con-
sequently, only the charged particles of generator jets are considered in the comparisons.
The advantage of these variables with respect to similar ones based on calorimeter information
alone is that the tracker provides more accurate measurements of the kinematics of low-pT
charged particles. In addition, the strong CMS magnetic field does not affect these variables
because the track momenta are extrapolated to the interaction vertex.












tr for the jet transverse structure












ch for the jet transverse struc-
ture calculated with charged particles at the generator level.
4.1 Track selection for the jet transverse structure measurement
The track reconstruction performance and the impact of the tracker inefficiency in jet recon-
struction were studied in CMS in [14, 15]. We restrict our study to the region |η| < 1 where
the fake rate of the reconstructed tracks is less than 2 % and pT > 1 GeV where the track
reconstruction efficiency does not depend on track momentum. Note that because the track
reconstruction efficiency does not depend on ptrackT , the inefficiency cancels to first order in the
4 4 Jet transverse structure measured with charged particles






























Figure 1: Jet transverse structure calculated from charged particles and reconstructed tracks as
a function of jet transverse momentum. The error bars show the statistical uncertainty.
4.2 The bias and systematic uncertainty due to the jet energy scale and the jet
energy resolution
As themeasurement is very sensitive to the jet energy resolution and the systematic uncertainty
on the jet energy measurement, it needs to be based on a jet reconstruction technique with ex-
cellent performance. The non-linear response of the non-compensating CMS calorimeters not
only yields a poor jet energy resolution at low pT but also leads to different jet responses for
quark- and gluon-induced jets: the energies of quark and gluon jets are over- and underesti-
mated respectively on average, as gluon jets tend to fragment into a larger number of stable
hadrons with lower per-particle energy with respect to quark jets at the same particle level en-
ergy. We therefore choose the JetPlusTrack [11] jet reconstruction technique developed in CMS,
which combines calorimeter jets with charged particle tracks after spatial association. The addi-
tion of the excellent measurements of the low pT charged constituents to the overall jet energy
addresses the aforementioned non-linearity and leads to a significantly improved jet energy
resolution as well as an almost uniform response to quark and gluon jets for jet pT > 150GeV.
4.3 Predictions of different generators: PYTHIA and HERWIG++

















distributions are found to be different
when calculated from generator particles or reconstructed charged particle tracks, and the size
of the effect is similar for both generators, as shown in Fig. 2. We correct for this deviation by
calculating the ratio as a function of jet pT for each generator. We take the average of the two
as the bias correction and incorporate half of a deviation between the two in the systematics
uncertainty.




























































Figure 2: Comparison between the jet transverse structure calculated from charged particles
as a function of generator level jet transverse momentum and the jet transverse structure cal-
culated from reconstructed tracks as a function of reconstructed jet transverse momentum for
HERWIG++ 2.2 (left) and PYTHIA 6.4 tune D6T (right).
data points. The main difference between HERWIG++ and PYTHIA predictions is due to the
considerable difference in the transverse structure for gluon induced jets produced by these two
MC generators. The error bars on the points correspond to the expected statistical errors for 10
pb−1 of data and systematic uncertainties are shown by the shadowed region. The statistical
fluctuation of the simulated data at the high momentum range is much less than the error bars
because the number of events in the analyzed sample was much higher than it is expected for
10 pb−1. Based on the results shown in this figure, a data sample from 10 pb−1 of integrated
luminosity is sufficient to distinguish between predictions of different Monte Carlo generators.
The difference in the prediction between PYTHIA and HERWIG++ generators is mainly due to
the different models for gluon jet fragmentation in these models. Note that both, HERWIG++
and PYTHIA, predict nearly the same quark jet fraction for the same jet pT and η.
5 Systematic uncertainties
We have considered four sources of systematic uncertainty for the jet transverse structure cal-
culated with reconstructed tracks:
• Jet energy scale (σJES): The jet energy scale uncertainty as quoted in [13] as 4− 6%





the jet pT within the uncertainty range.
• Angular resolution: The systematic uncertainty due to jet angular resolution is ex-
pected to be much smaller (see fig. 1) than any of the other uncertainties and was
therefore neglected in the final combination.
• Tracker pT resolution (σtrack):
We estimate the systematic uncertainty on the tracker pT resolution by varying the
track pT cut by ± 1% because the tracker pT resolution is quoted as ∼ 1% for |η| < 1
and ptrackT = 1GeV in Ref. [15]. Since the observed difference is very small we change
the cut by ± 5% instead, and take a fifth of the observed variation as the systematic
uncertainty.
• Simulation bias correction (σcorr): The bias correction is derived from the observed






























Figure 3: Comparison between PYTHIA and HERWIG++ predictions for the jet transverse
structure for |η| < 1. The pseudo data points are calculated from reconstructed tracks as a
function of reconstructed jet transverse momentum and the lines are calculated from charged
particles as a function of the generated jet transverse momentum. The error bars correspond to
the statistical uncertainty for 10 pb−1. The total systematic uncertainties are indicated by the
shaded region.
difference in Figure 2 between measured and generated quantities. The average
correction calculated for HERWIG++ and PYTHIA is used to correct the shift and
half of the difference between HERWIG++ and PYTHIA is taken as the uncertainty.
The three dominant sources of systematic uncertainty are summed in quadrature. Table 1









tr σstat σJES σtrack σcorr
100-125 0.02122 0.02083 0.2% 3.2% 0.6% 0.5%
200-225 0.01698 0.01703 0.3% 2.5% 0.2% 0.2%
400-425 0.01390 0.01365 2% 2.1% 0.2% 0.7%
800-850 0.01113 0.01159 13% 2.2% 0.2% 0.6%
Table 1. Statistical and systematic uncertainties for jet transverse structure determined for CMS
measurements and for MC truth for 10 pb−1 of integrated luminosity in the η-range: |η| < 1.
The values are given for the HERWIG++ samples for four selected bins of pT.
6 Variation of quark and gluon jet fractions with pT




as a function of jet pT can
be compared with the result of simulations for quark and gluon jets.




as a function of jet pT for quark, gluon and all jets from particle
level Monte Carlo events and for all jets extracted from the simulated data for |η| < 1. The
curves correspond to the HERWIG++ generator level and the points with errors show corrected〈
δR2c
〉
tr as a function of p
JPT
T with statistical and systematic uncertainties corresponding to an
7integrated luminosity of 10 pb−1. Systematic uncertainties are drawn as a shaded area around

























Figure 4: HERWIG++ prediction for the jet transverse structure for |η| < 1. The points rep-
resent the jet transverse structure calculated from reconstructed tracks as a function of recon-




calculated from charged particles
as a function of generated jet transversemomentum for quark jets and gluon jets. The error bars
correspond to statistical uncertainties for 10 pb−1. The total systematic uncertainty is indicated
by the shaded region.
A variation of the quark induced jet fraction from 30% at pT = 100 GeV to 70% at pT = 900 GeV
is observed. Once the Monte Carlo model has been tuned in particular eta range and is shown
to describe the data well, in other eta regions the fraction of quark induced jets as a function
of jet pT and η can be extracted from experimental data and compared with Monte Carlo pre-




for quark and gluon induced jets as
a function of pT does not depend on jet η but the expected fraction of quark induced jets does,
the comparison of the measured and predicted fraction of quark induced jets for different η
regions will provide some redundancy for the analysis.
The large difference in the gluon jet transverse structure observed for HERWIG++ and PYTHIA
will lead to a systematic uncertainty in the fraction of quark induced jets extracted from the
measured jet transverse structure. The combined analysis of data samples with different frac-
tions of quark induced jets, e.g. QCD dijets, photon-jet, W→jet+jet will allow to reduce this
kind of systematics.
7 Conclusions
The jet transverse structure is sensitive to event generator parameters which are responsible
for multiple parton interactions, parton showering and hadronization [3], and the fraction of
quark and gluon induced jets in a particular event sample can be measured.
The study of the jet transverse structure was performed using the second central moment of the
8 7 Conclusions




. The comparison of the generator level information





ch in QCD dijet samples is the same for both generators in a wide




ch for gluon induced jets is considerably
higher for HERWIG++ samples than for PYTHIA samples reflecting the difference of gluon




tr as a function
of pT are quite different for these twoMonte Carlo generators. With an integrated luminosity of





the CMS detector are small enough to distinguish between these two Monte Carlo generators
and their tunes.
Once the Monte Carlo models have been tuned in a particular η range and they are shown to
describe the data well in other η regions, the fraction of quark induced jets as a function of jet
pT and η can be extracted from experimental data and compared withMonte Carlo predictions.
The Iterative Cone jet clustering algorithm was used here as this is currently the only jet finder
to which the JPT algorithm can be applied, however this analysis can be extended to other jet
clustering algorithms.
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